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A new method for designing nanomodified inorganic—organic materials is proposed, and one example of synthe-
sizing mesostructured vanadate—poly(ethylene glycol) composite is demonstrated. Commercially available poly
(ethylene glycol) was changed in its terminal hydroxy group(s) to ammonium head group by two-step sequential
tosylation/nucleophilic substitution in order to enable connection with the vanadate framework component. Self-
organization of vanadate and the new organic template was successfully processed in the aqueous mixture to pre-
cipitate as a composite by adding sodium chloride. We discuss not only the design of a mesostructured material,
but also the reasonable treatment for obtaining it from the mixture by the same technique as the volume shrink-

age of an amphiphilic block copolymer in water.
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1. Introduction

Self-organization process that gives mesoporous inorganics es-
pecially in the case of the silica-surfactant systems has been used
for various engineering applications such as catalytic, wave-guide,
and low-k materials,™ since the MCM family was developed by
Beck et al.¥ However, it is thought that general mesoporous metal
oxides cannot be synthesized, with the exception of two systems:
one is mesoporous silica,” and the other is the combination of
block copolymers and metal oxide precursors.” We report here
one method for preparing a mesostructured vanadate-organic com-
posite that in a way corresponds to mesoporous vanadium oxide.

Mesoporous metal oxides have not been synthesized using the
usual combination of inorganic and ionic surfactant template sys-
tems, because it shows mesostructural deformation during the
process of removing the organic template component. Luca et
al. reported that vanadate-hexadecyltrimethylammonium
(C16TMA) composite deforms in its mesostructure within a calci-
nation process.® In addition, Zhou and Honma examined a low-
temperature calcination (at 160°C) of a vanadate-C;sTMA thin
film, and observed a phase transformation in its mesostructure
during the heat treatment.” The deformation of the mesostructure
has also been reported to occur during the calcination of germani-
um sulfide mesostructured materials,® and it therefore should be
recognized as a common problem for preparation of mesoporous
inorganic materials, except for mesoporous silica. In the previous
work, we investigated, in detail, the mesostructural change in va-
nadate-C;sTMA composite, and found that the mesostructure of
the composite varies at a process of controlling the surfactant con-
centration (calcination and solvent extraction) as follows: lamellar
> cubic (la3d) > two-dimensional monoclinic (p2) > hexagonal
(pbm), where the sequence is in the order of the concentration of
the surfactant component against the vanadate framework.”"'?
Our discussion covered its reason that consists of the difference
between vanadate-C;sTMA and silica-C;TMA systems. We be-
lieve that the mesostructural transformation occurs in the vana-
date-C ;s TMA system because of the strong ionic character of

the vanadate framework and its surroundings. In contrast for the
silica-Cj¢TMA system, the mesostructure remains unchanged
from the as-prepared composite to the final porous product, be-
cause the silica framework has weaker ionic character by compar-
ison. The strong ionic character of the vanadate framework causes
strong interfacial tension between the framework and the head
group of the surfactant molecule to result in the mesophase trans-
formation and deformation during the calcination or solvent ex-
traction, while the weak ionic character of the silica framework
does not enough.

If a mesoporous vanadium oxide were synthesized, it could be
applied to cathode materials of lithium ion batteries and electro-
chemical capacitors.'” In these imaginary applications, the mate-
rial would be used with electrolyte (e.g., 4-methyl-[1,3]dioxolan-
2-one) which occupied in the mesopore beforehand. However, a
designed mesostructured vanadate-organic composite that con-
tains an electrolyte component is expected to yield the same result
in the purpose of electrochemical applications. Therefore, we tried
to synthesize a new template and a new vanadate-template compo-
site. In this paper, we explain how to design the new template ma-
terial that contains an electrolyte component, and how to
synthesize the new vanadate-template composite. The purpose is
to show our concept of designing nanomodified materials by dem-
onstrating one example of the inorganic-organic composite.

At first, we made an antithetic plan for the new composite, and
that we selected is shown in Scheme 1. The new template needs to
have both of ammonium head group (in order to bond chemically
with vanadate ion or framework) and poly(oxy-ethylene) unit (in
order to work as an electrolyte) in one molecule. The terminal am-
monium head group of the template material shown in this scheme
can be created by two-step exchange of the hydroxy group: se-
quential tosylation/nucleophilic substitution.'” Therefore, com-
mercially available poly(ethylene glycol) was selected as the
starting material to obtain the target chemical. We examined to
synthesize the poly(ethylene glycol) terminated with ammonium
tosylate (PEG-TWAT) and the mesostructured vanadate-PEG
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Antithesitic diagram for the vanadate-PEG composite. The letter R indicates the alkyl group or hydrogen atom, and Ts indi-

cates the 4-methyl-benzenesulfonyl (tosyl) group. The closed circles, the wavy lines, and the surrounding solid wall in the illustration on the
left side of this scheme represent ammonium head groups, PEG skeletons, and the vanadate framework, respectively.

composite on the basis of the antithetic route.

2. Results and discussion

2.1 Synthesis of PEG-TWAT

Two types of commercially available PEG were chosen as the
starting materials for synthesizing PEG-TWAT: 2-[2-(2-butoxy-
ethoxy)-ethoxy]-ethanol (PEG1), and PEG of Mw ca. 600
(PEG2). We applied the sequential tosylation/nucleophilic substi-
tution (Scheme 1) to them, because both of these reactions are
never expected to occur in less than 99% yield.

The tosylation of the hydroxy group in PEG1 was carried out at
ice-bath temperature in pyridine to trap hydrochloric acid of the
subproduct, as shown in Scheme 2. In order to check for the ex-
istence of the starting material (the hydroxy group) during the re-
action as well as during the purification of a silica gel chroma-
tography, reduction of manganese was used as a color reaction,
i.e., an alkaline solution of potassium permanganate(1-) was used
as a color reagent. This reaction gives the product of 2-[2-(2-bu-
toxy-ethoxy)-ethoxy]-ethyl ~4-methyl-benzenesulfonate (PEG-
Ts1) in quantitative yield. The substitution of the terminal tosylate
ester portion in PEG-Ts1 by triethylamine was carried out at the
reflux temperature of ethanol, as shown in Scheme 3. The point of
this reaction is to add the nucleophile in excess (at least 1.2 equiv-
alents against one ester portion). The nucleophilic substitution al-
so gives the product of {2-[2-(2-butoxy-ethoxy)-ethoxy]-ethyl}-
triethyl-ammonium 4-methyl-benzenesulfonate (PEG-TWATI)
in quantitative yield. The above preparation was applied to the

R_CHQ"CHQ“OH + TsCli

N
|

other starting material, PEG2, and gives both PEG-Ts2 and
PEG-TWAT? in quantitative yields.

2.2 Self-organization of vanadate and new template

An aqueous vanadate solution (V3* 0.2 mol/l, pH 4.3) was first
prepared in almost the same manner as the experimental method
described in the previous paper,”'” and we tried to use it in
the self-organizing reaction with the above templates. Even after
mixing the vanadate solution and the template material (PEG—
TWATI1 or PEG-TWAT?2), no precipitate was observed in the
mixture, because the template contains a hydrophilic PEG skele-
ton and this results in high solubility of the vanadate-PEG couple
in water. Some manipulation was needed to apply to the mixture
solution in order to precipitate it as a composite.

In the theory of polymer solution, a hydrogel (e.g., poly-acryl-
amide gel) containing water shrinks in volume when some energy
is applied to the system.'® This is due to the loss of affinity be-
tween water molecules and the polymer; the same principal is ap-
plied to nonionic amphiphilic polymers (e.g., poly(ethylene
oxide)-poly(propylene oxide) block copolymer)."®~1® Effective
operations for disconnecting water molecules from the polymer
are increasing the temperature, controlling the pH, varying the sol-
vents combination, and increasing the salt concentration. These
treatments might be applicable to the vanadate-PEG system in or-
der to give a precipitate of its composite, because the couple con-
tains a hydrophilic PEG skeleton binding with a hydrophobic part
(vanadate and ammonium head group, both of which lose their
ionic characters, i.e., solubility, after charge matching), and it

R—CH,>-CH>-OTs + HCI

Quant.

Scheme 2. Tosylation of the terminal hydroxy group in PEG1. The letters R and Ts indicates the 2-(2-butoxy-ethoxy)-ethoxy group and

tosyl group, respectively.

Ethanol, reflux

TSO_CHQ'CHQ-R + N(CQH5)3
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Scheme 3. Nucleophilic substitution of the terminal tosylate ester portion in PEG-Ts] to triethyl- ammonium head group. The letters R

and Ts indicates the 2-(2-butoxy-ethoxy)-ethoxy group and tosyl group, respectively.



Yasuhiro YAGI et al.

Journal of the Ceramic Society of Japan 112 [ 1] 2004 15

Poly({oxyethylene)

Vanadate

NaVOs; + PEG-TWAT

Ammonium

Soluble couple

s,\L

Mesostructured composite

- (precipitate)
Treatments
for gelation
Poly-vanadate =~ @\~

(precipitate) T (dissolved)

Scheme 4. Possible mechanism for the formation of vanadate-PEG composite and for the precipitation of poly-vanadate.

can be considered as an amphiphilic polymers. However, all of
them may also yield yellow or brown precipitates of vanadate
alone (i.e. forming poly-vanadate) at the same time, as shown in
Scheme 4. We examined the above operations (i.e. heating of
the mixture solution, adding propan-2-one or acetone to the solu-
tion, controlling the pH, and adding sodium chloride to it), and
found that all the methods are possible to result in the formation
of poly-vanadate. We also found that there is a time lag between
the precipitation of poly-vanadate and that of vanadate-PEG com-
posite, i.e., the precipitation rate of the composite is faster than
that of poly-vanadate, when the vanadate-PEG composite is
formed in these systems.

The time lag was successfully used only in the case of the add-
ing sodium chloride to the mixture of vanadate and the PEG-
TWAT template. In the cases of the other operations, the poly-va-
nadate was formed, and it shows a low-angle powder X-ray dif-
fraction (XRD) pattern of Fig. 1 (a). When sodium chloride was
added to the mixture containing PEG-TWAT?2, the precipitate ex-
hibited the XRD pattern shown in Fig. 1 (b). It consists of layered
compound with the period of 1.8 nm, according to two XRD peaks
at 4.9 and 9.7°, and the compound is speculated to be either a la-
mellae-like structured composite,”"'” or poly-vanadate containing
water molecules in its layer structure.'” In both cases, the small d-
space of the precipitate material does not fit in the category of
mesostructured composites. When sodium chloride was added to
the mixture containing PEG-TWAT]I, the precipitate exhibits
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Fig. 1. XRD patterns of the precipitates after trying the self-organizing

reactions. (a) This pattern was observed in the case of operations other than
adding sodium chloride. The high-angle XRD pattern is shown in (a"). (b)
This pattern was observed in the case of using PEG-TWAT2 template and
adding sodium chloride. (c) This pattern was observed in the case of using
PEG-TWAT]I template and adding sodium chloride.

the XRD pattern in Fig. 1 (c). It consists of almost a single phase
of a mesostructured composite (probably with a cubic structure,
Pm3m with lattice parameter a = 5.81nm). The indexes of its
XRD peaks are shown in the same figure. We sometimes obtained
poly-vanadate in the case of using both PEG-TWAT1 and PEG-
TWAT?2 templates. This case is that either sodium chloride was
added in excess to the mixture (until it was saturated), or the mix-
ture was left standing for a long time (until poly-vanadate was suf-
ficiently formed). It is speculated that excess sodium chloride
accelerates the formation of poly-vanadate, and that its formation
is more stable than the formation of the vanadate-PEG composite.

The same speculation is applicable to the cases in which no va-
nadate-PEG composite was obtained using the other techniques
(heating, adding acetone, and controlling pH). The operation of
heating the mixture needed a long time to give a precipitate (for
2d at 80°C, or for 4d at 60°C), and therefore the poly-vanadate
was sufficiently formed as a precipitate. The operations of adding
acetone and controlling pH (adding hydrochloric acid) are be-
lieved to accelerate the formation of poly-vanadate much more
than that of the vanadate-PEG composite, in the same manner
as adding excess sodium chloride to the mixture. Thus, we con-
cluded that the mesostructured vanadate-PEG composite can be
obtained only under kinetically advantageous conditions in this
system, and that poly-vanadate is, in contrast, thermodynamically
stable to precipitate at most of the above treatments.

On the basis of the above discussion and results presented in the
previous paper, we propose a new concept for designing a nano-
modified inorganic—organic composite material. First, we should
select an organic template and inorganic framework on the basis
of the application of the nano-composite. In this study, a template
of poly(ethylene glycol) terminated with ammonium tosylate and
a vanadate framework were selected, because we would prepare a
cathode material containing an electrolyte component for a lithi-
um ion battery. It must be noted that the organic template material
should have a portion that allows it to be connected with inorganic
framework (e.g., ammonium head group in our system). Some-
times the required template must be synthesized because it is
not commercially available. PEG-TWAT was efficiently prepared
in this study by the rudimentary methods. Finally, the organic
template and the inorganic framework materials should bond with
each other under a self-organizing reaction in a solvent to be pre-
cipitated as a mesostructured composite. An important thing is
that a suitable reaction should be carried out for the composite.
In the present example, we concluded that the treatment of adding
sodium chloride (i.e., increasing the salt concentration) must be
selected to obtain the vanadate-PEG composite and to keep down
the byproduct of poly-vanadate.

3. Conclusion
We synthesized a new template for a self-organization process,
and designed a new vanadate-organic template composite for the
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cathode material of a lithium ion battery. The template material,
poly(ethylene glycol) terminated with ammonium tosylate, was
prepared by two-step exchange of terminal hydroxy group(s) of
poly(ethylene glycol) in net quantitative yield. The composite
was synthesized by self-organization of vanadate and the new
template, and was precipitated upon adding sodium chloride,
which is essentially the same technique as that upon which amphi-
philic polymer shrinks in volume in water through the loss of af-
finity between water molecules and the polymer. We demon-
strated an example of the new method for designing nanomodified
materials. In subsequent study, we will estimate the electrochem-
ical property of the new composite useed as a cathode material, as
well as synthesize various organic template materials and various
functional mesostructured composites.

4. Experimentals

Nuclear magnetic resonance (NMR) and infrared (IR) spectra
were recorded using JEOL LA-500 and PerkinElmer 1640 spec-
trometers, respectively. The symbols of s, d, t, q, m, TMS, s, m,
w in the following spectral data mean singlet, doublet, triplet,
quartet, multiplet, tetramethylsilane, strong, medium, and weak,
respectively. The “§” and “J” values in the following NMR data
are the chemical shift and the coupling constant, respectively.
X-ray diffraction (XRD) patterns were measured using a Rigaku
RINT-2500V diffractometer with Cu Ko radiation.

2-[2-(2-Butoxy-ethoxy)-ethoxy]-ethyl 4-methyl-benzenesulfo-
nate (PEG-Ts1)

First, 206mg of 2-[2-(2-butoxy-ethoxy)-ethoxy]-ethanol
(PEG1) was dissolved in 1 ml of pyridine at ice-bath temperature.
Separately, 229 mg of 4-methyl-benzenesulfonyl chloride (TsCl)
was dissolved in 1ml of pyridine at room temperature. To the
PEG]1 solution in an ice bath, the TsCl solution was added through
a canula, and the resultant mixture was stirred at ice bath temper-
ature for 1h, and then at room temperature for 1h. The reaction
was quenched by diluting with ethyl acetate, and the mixture
was filtered through a silica gel pad. The filtrate was concentrated
in vacuo, and then the product was purified by silica gel chroma-
tography. Yield: 360mg (> 99%). CHN elemental analysis (per-
fectly purified product should be composed of C 56.6%, H
7.8%, N 0%): C 56.2%, H 7.4%, N <0.1%. lon chromatography
after flask calcination (perfectly purified product should be com-
posed of N 0%, S 89%): N <0.01%, S 7.9%. 'H NMR
(400 MHz, CDCl3, TMS standard) § [ppm] 0.91 (t, J = 7.6 Hz,
3H), 1.36 (tq, J =8.0, 7.6Hz, 2H), 1.57 (tt, J = 8.0, 6.6 Hz,
2H), 2.78 (s, 3H), 3.45 (t, J/ = 6.6 Hz, 2H), 3.54-3.70 (m, 8H),
3.69 (t, J=4.8Hz, 2H), 4.16 (t, J=4.8Hz, 2H), 7.34 (d,
J =8.0Hz, 2H), 7.80 (d, J = 8.0Hz, 2H). '3C NMR (100 MHz,
CDCl3) § [ppm] 13.93, 19.26, 21.63, 31.67, 68.59, 69.19, 69.96,
70.41, 70.59, 70.68, 71.12, 127.83, 129.67, 132.83, 144.62. IR
(neat) 2957 (m), 2931 (m), 2870 (m), 1598 (w), 1455 (w), 1360
(s), 1178 (s), 1120 (s), 817 (m) cm~.

{2-[2-(2-Butoxy-ethoxy)-ethoxy]-ethyl}-triethyl-ammonium  4-
methyl-benzenesulfonate (PEG-TWAT1)

First, 3.60 g of 2-[2-(2-butoxy-ethoxy)-ethoxy]-ethyl 4-methyl-
benzenesulfonate was dissolved in 15 ml of ethanol. To this solu-
tion, excess triethylamine (at least 1.7 ml) was added, and the mix-
ture was refluxed for 12h. After completion of the reaction was
confitmed by thin layer chromatography (TLC), the product was
purified by concentrating in vacuo. Yield: 4.61 g (> 99%). CHN
elemental analysis (perfectly purified product should be composed
of C 59.8%, H 9.4%, N 3.0%): C 56.9%, H 8.9%, N 2.8%. Ion
chromatography after flask calcination (perfectly purified product
should be composed of N 3.0%, S 7.0%): N 0.1%, S 6.2%. 'H
NMR (400 MHz, CD;OD, TMS standard) § [ppm] 0.92 (t,
J=72Hz, 3H), 1.23 (t, J =7.4Hz, 9H), 1.38 (tq, J = 8.4,

7.2Hz, 2H), 1.53 (tt, J = 8.4, 6.4Hz, 2H), 2.36 (s, 3H), 3.34 (q,
J =7.4Hz, 6H), 3.40-3.65 (m, 12H), 3.67-3.82 (m, 2H), 7.24
(d, J=8.0Hz, 2H), 7.70 (d, J=8.0Hz, 2H). *C NMR
(100MHz,CDs;OD) § [ppm] 7.87, 14.32, 20.29, 21.37, 32.82,
49.64, 54.64, 57.54, 65.22, 71.09, 71.26, 71.36, 71.40, 71.44,
71.88, 126.82, 129.67, 141.29, 143.92. IR (neat) 2956 (m), 2932
(m), 2870 (m), 1642 (w), 1458 (m), 1204 (s), 1191 (s), 1122 (s),
820 (m) cm~!.

Poly(ethylene glycol) terminated with 4-methyl-benzenesul-
fonyl groups (PEG-Ts2)

PEG-Ts2 was prepared from PEG (Mw ca. 600) in the same
manner as the preparation of 2-[2-(2-butoxy-ethoxy)-ethoxy]-eth-
yl 4-methyl-benzenesulfonate. CHN elemental analysis (perfectly
purified product should be composed of C 53.1%, H 8.0%, N 0%):
C 52.4%, H 7.0%, N <0.1%. lon chromatography after flask cal-
cination (perfectly purified product should be composed of N 0%,
S 7.0%): N <0.01%, S 6.6%. "H NMR (400 MHz, CDCl3, TMS
standard) & [ppm] 2.45 (s, 6H), 3.52-3.73 (m, 52H), 4.17 (t,
J =4.2Hz, 4H), 7.35 (d, J = 8.0Hz, 4H), 7.80 (d, J = 8.0Hz,
4H). 3C NMR (100 MHz,CD;0D) § [ppm] 21.58, 68.51, 69.18,
70.35, 70.40, 70.43, 70.44, 70.49, 70.57, 127.74, 129.65, 132.76,
144.60. IR (neat) 2905 (m), 2870 (m), 1598 (w), 1454 (w), 1355
(s), 1177 (s), 1119 (s), 818 (m)cm™".

Poly(ethylene glycol) terminated with triethylammonium 4-
methyl-benzenesulfonate (PEG-TWAT2)

PEG-TWAT?2 was prepared in the same manner as the prepara-
tion of 2-[2-(2-butoxy-ethoxy)-ethoxy]-ethyl 4-methyl-benzene-
sulfonate. CHN elemental analysis (perfectly purified product
should be composed of C 56.4%, H 9.3%, N 2.5%): C 53.6%,
H 7.9%, N 2.4%. Ion chromatography after flask calcination (per-
fectly purified product should be composed of N 2.5%, S 5.8%): N
0.08%, S 5.2%. '"H NMR (400 MHz, CD;0D, TMS standard) §
[ppm] 1.25 (t, J =7.6Hz, 18H), 2.37 (s, 6H), 3.38 (q, J =
7.6Hz, 12H), 3.34-3.67 (m, 44H), 3.82-3.88 (m, 4H), 7.24 (d,
J = 8.0Hz, 4H), 7.70 (d, J = 8.0Hz, 4H). '3C NMR (100 MHz,
CD;0D) § [ppm] 7.79, 21.29, 54.54, 57.42, 65.16, 71.17, 71.23,
71.31, 71.35, 71.39, 72.27, 126.73, 129.61, 141.28, 143.71. IR
(neat) 2907 (m), 2871 (m), 1636 (w), 1458 (m), 1211 (s), 1196
(s), 1125 (s), 813 (m) cm~1.

Vanadate-PEG composite

First, sodium metavanadate(1-) was dissolved in 10 ml of aque-
ous sodium hydroxide solution (1.0 mol/1). To this solution, hy-
drochloric acid and water were added in order to prepare 50 ml
of vanadate solution (V> 0.2 mol/l, pH 4.3). {2-[2-(2-Butoxy-
ethoxy)-ethoxy]-ethyl }-triethyl-ammonium 4-methyl-benzenesul-
fonate (4.61 g) was added to the vanadate solution, and the result-
ant mixture was stirred at room temperature for a few minutes. So-
dium chloride was added to the mixture solution until the precip-
itation of vanadate-PEG composite was observed in the mixture
(just before the saturation). The precipitate was filtered, and dried
at 76°C for 14 h. Yield: 380 mg.

Acknowledgement We thank Dr. S. Hirano, Dr. A. Harada, Dr.
H. Stapert, Professor K. Kataoka (Univ. Tokyo), Dr. Y. Amo, Profes-
sor Y. Tominaga (Ochanomizu Univ.), and Dr. D. J. Teff (Arch
Chemicals Inc.) for helpful discussions. The first author wishes to
thank The Itoh Scholarship Foundation for the partial support of this
work.

References

1) Zhao, X. S., Lu, G. Q. and Millar, G. J., Ind. Eng. Chem. Res.,
Vol. 35, pp. 2075-2090 (1996).

2) Yang, P., Wirnsberger, G., Huang, H. C., Cordero, S. R., McGe-
hee, M. D, Scott, B., Deng, T., Whitesides, G. M., Chmelka, B.
F., Buratto, S. K. and Stucky, G. D., Science, Vol. 287, pp. 465—
467 (2000).



Yasuhiro YAGI et al.

Journal of the Ceramic Society of Japan 112 [ 1] 2004 17

3)

4)

5)

6)

7

8)

9)

Lu, Y., Ganguli, R., Drewein, C. A., Anderson, M. T., Brinker,
C.J., Gong, W., Guo, Y., Soyez, H., Dunn, B., Huang, M. Z. and
Zinks, J. L., Nature, Vol. 389, pp. 364-368 (1997).

Beck, J. S., Vartuli, J. C., Roth, W. J., Leonovicz, M. E., Kresge,
C. T., Schmitt, K. D., Chu, C. T.-W., Olson, D. H., Sheppard, E.
W., McCullen, S. B., Higgins, J. B. and Schlenker, J. L., J. Am.
Chem. Soc., Vol. 114, pp. 10834-10843 (1992).

Yang, P., Zhao, D., Margolese, D. 1., Chmelka, B. F. and
Stucky, G. D., Nature, Vol. 396, pp. 152-155 (1998).

Luca, V., MacLachlan, D. J., Hook, J. M. and Withers, R.,
Chem. Mater., Vol. 7, pp. 2220-2223 (1995).

Zhou, H. and Honma, 1., Mater. Res. Soc. Symp. Proc., Vol.
549, pp. 261-265 (1999).

MacLachlan, M. J., Coombs, N., Bedard, R. L., White, S.,
Thompson, L. K. and Ozin, G. A., J. Am. Chem. Soc., Vol.
121, pp. 12005-12017 (1999).

Yagi, Y., Zhou, H., Miyayama, M., Kudo, T. and Honma, I.,

10)

1)

12)

13)
14)

15)
16)

17)

Langmuir, Vol. 17, pp. 1328-1330 (2001).

Yagi, Y., Kudo, T. and Miyayama, M., submitted to J. Ceram.
Soc. Japan.

Spahr, M. E., Bitterli, P., Nesper, R., Miiller, M., Krumeich, F.
and Nissen, H. U., Angew. Chem. Int. Ed., Vol. 37, pp. 1263—
1265 (1998).

Broxton, T. and Chung, R. P.-T., J. Org. Chem., Vol. 55, pp.
3886-3890 (1990).

Tanaka, T., Phys. Rev. Lett., Vol. 40, pp. 820-823 (1978).
Alexandridis, P., Olsson, U. and Lindman, B., Langmuir, Vol.
14, pp. 2627-2638 (1998).

Kato, T. and Seimiya, T., J. Phys. Chem., Vol. 90, pp. 3159—
3167 (1986).

Harada, A. and Kataoka, K., Science, Vol. 283, pp. 65-67
(1999).

Ugaji, M., Hibino, M. and Kudo, T., J. Electrochem. Soc., Vol.
142, pp. 3664-3668 (1995).



